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= — A f AT b = i i
—HERNH IR _EgHTELAaEHEHNAE
PR I vk 2 \ RS 2
2EF REWT REL T Bok
(VAR AR RN S TR b I READ R G SR A S B R A e BRI 430062)
(2 R EREB A B EBIRON  TAF S E R B A NRE KE  130022)
B E ANEESEAASRE(CO) B A YA NP R H A = PE e AR W 4R A i R SR FH R R -2 ,4-

SRR A R AR T DO R 2 S M AL BB (GO-TDI-SPEG) ¥ 4 £ K T 44 o B
B 4 W SR P LU 20919 3 (FTIR) (KL 808 3% (Raman) X-55 A7 9 (XRD) J5F ) RLHCBE (AFM) iE
0L T LB (TEM) AT 5B (TGA) o BB B 7 2 6. 74 2 2861 em ™ 701 1093 em ™" b 1 B 54
LTSN ] SPEG B HERES] GO b 40 Raman SEilkth D M5 G BEGE 555, B 1,/1, (A8, 30
SPEG e HE 5 0 S0P 47 8840 28 YA %22 75 f XRD J e 1= 7% 4 5 W 1 , 92 0 26 6 5 M s 6 LA
B 5 4 1. TGA BOB R I R GO 722y 160°C TF B %2 46 44K T 28 15 M5, K 2078 260°C TF B 30K T, 47
SEREREN T 25 100°C . i TEM [ # A LUBLGEE] GO sl 47 BAR 7= 4 90 B9 B B, FLIY L B S A
W1 ELAFMFE B R GO B RYTRRE K25 0. 85 nm 3 1A 90U 61 FLE R E 240 1.2 nm,

KR

AL AT 895 (graphene oxide, GO) & —Ff 5 4
() e 36 A4 L, 8% oA SR — o AT A AL
BN GO B AN SE R i osp” 2 Ak Bk AN
sp” i Al B 2 B B £ B DX, R TG b B LA A
R LA BR AR IE , F B 540 A JR R S i 26 3y
AUEREHIETE GO HA L B MR KM, 5 7 i
TE K B R S B TR B WL il T AL i i
BB S a2l et R
BT ARV 2 S T R, R G MR A
FHELS “paper” 2B b4 R ML IR 58
A Ay A R

TGN KRS, WA WL A S50 4 ek, 7R AR
R RN /R e s el S o S AP R 1
G TS X T SRR TE Y i R AR A
MARTE . [ 2009 4E R , 7 88 4 75 L5 Wy 1S 2 B4
FHTFRA T T 40T 58 5 (0 Bk 24 . SR T, FRAR
A S0 R R e B A A PR W PN BE 4y
R, SR Ak A BRI KO VRIS R A A B W & R R
TR (S NTIR 8 A (R Gae A O S g 1)
AT M.t T 8 2 B2 (polyethylene glycol ,
PEG) HA RAF AW A AT KM IR Z BF 58
FHWIF R T PEG M GO my T4E"Z 101

AR, WERRME L TR, WAE-2,4- " RERE, LH IRt

Dai 2l SR BBV LR 2 A RS
UK A BRI i G R A I I e e b T S K
FNL, il PEG B 40 K 4 B0 A, 14 2 1 =9
FEFH 1A A 25 25 R A ) A% 0 26 B TP s T
0 B 2 BIOPE A RS E 1. 9 HL, Dai 2812 R B Fh
AL AR K T DY A 258 4 F AT B NGO-
PEG . Liu 2" (i FHABLIY 7 5 1 4 PEG &1
BRI, R PEG B9k 4 B R B =k
{14 i 933 Bk 2 40 1) R 7, O HL a0 2 BUR 8 (056
LR 20 mg/kg, FRLLmFRIN 3 S H) KB, %™
YA R EE. UL GO FEA Y BE 2= L
FHEA IR K BT 5.

PEG Zjfigfk GO Bi T R FF A4 ¥ Sl o, 78
LR AT A AR K 9 R . Tsang 451 % B
K & PEG 3 fig fk. SWCNTs A #% K Hb 54 i
SWCNTs 7E7K it i 43 k. Li 26 GO 5 PEG
J2 0 il 46 v At A 42 2 I A K A R R
H R A A A R T A

Ruoff 25" i FF 55 5 15 5 1) S5 960 R I 165 ¥
GO (iGO) , fii HAEAR 45 st 76 A5 WL 71 b 3 5 H.
B, B %2, 4-— B & % B (toluene-2,4-
diisocynate , TDI) fEfIK IR T ,4-NCO 5 2-NCO 1% 4
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ZERERE R gk, AT AT LSS TDL 3 fig A
GO kil ™ HA — A S 5, R 5 T iR
JEWE o — S, (S PEG b /R JE RN,
AT 45 15 20 b ) 4%t PEG Zh g4k GO. IU/E 2 #Y
B I (4-arm star polyetheylene glycol, sPEG)
FHXS 3838 1) PEG, 75 [F] 45 e A % B2 2% 1F T, 4%
BUE GO R 2 B 5 &, T LUK i HC 7 2k B
WP o HOVE  [R)IN O E— 2D f A g A T £
8 S INEASE A, T LA 0 HCTE A= 0y o7 s ) 286 245 5
PR, A St Y TDT AR g R IR, 4 sPEG 3K 3
GO F T, Hil % V0 B AR & T REE A AL 5
J% ( four-arm star polyethylene glycol modified
graphene oxide, GO-TDI-sPEG ). iZ% J7 i # VE & i
L JFORME R, & — R A LU K & 4 7 PEG T g
b GO WA &7 %, f2 #E PEG i GO /Yt —
N

1 SLIEER4y

1.1 ER5iXH

TR A o, Alfa Aesar,99. 8% ,325 H. H
A2, 4-T R H R R W T R DU LAk A R A
BRTTATZ W), (AT 4 A 20 0 T4 72 ho N,
N-Z L R e o3 b 4, M F DR T R 2 R fk 2
A R F R 4 A 2070 T 72 h 8K
JE AN 22 13 DR ZE . DU R IR 2 T M, =
926, NOF, Japan. H &3k 7 35 g 43 A7 &l , W F [
AL AL 2= A PR A SR i — 2B A BT
i .
1.2 SXAER (GO)HHIE

A0SR 2 B Y Hummers 35 146 GO. 78
500 mL B TR, A 23 mL fY 98% Ay ¥ B
TR, B 5 B A VKoK i v, I S, B BRIV A B
FAss (1 g) S8R (0.5 g) MIREY, hidh
PR R G HEE A 1 h Nt
AEEHIINN 3 g R B L AR RN 2 h S
BF 52 I YR A8 Ay B e ¥ S N RS A 35°C B Tl I
By P gk )V 30 min, 225 B ) 248 i 22 v
A 46 mL 1 &8 7K, R HFHAE 98°C [ i 15
min. [ 58 WG K R S 1000 mL ) B8 AR
WSO 20 mL ¥R BN 5% 19 H,0, , % ST
B Sy i o B S A 20 mL (1:10) HCI i %
WG U8, JF L SE i 45 4F 19 5% 1 HCL 3
MEBEFRFTAVWE, HE LZW pH =7, %™
Y& T 60°C iy FL A5 T4 b T 4% 48 h, % #H ¢

.
1.3 NEERRZ_BEEHELEESR (GO-
TDI-sPEG ) il &

14 100 mg 1) E AL A1 BB A 150 mL () = 1748
L, A 50 mL JE/K DMF, 558 75 40 min, 15 %]
A o (0 B W R BN RS A UKOK I R, SE AR
(/AR 3 0O, HEST 456 1 mL 9 TDI
TEA 10 mLL (848 F i 1 o <1 b, D gt 5 8 %
U, DAL /R R A8 TR A S R KR
N 24 h. $E5E B ROV AS A 80 C Y s s
20 mL sPEG B ABE#R 8 T B2 T4 1 80°C
Fr7K LB 30 min A1 ZZ il 5 min, X AEHEAT S IR,
TRIE sPEG H KBRS, LI, sPEG i 25, 57 ]
FHE S i 8 HovE AR B b, % B4, RN 8 h
J& 5 AR SR f SR RUTRE 12 h 5 R AE 1
AOYA A IE , >R ) DMF S #7532 3 10 min J5 4
U8, KSR 10 min J5 Al S, XA 3 DGR, 153 5
B2 T B TR AR 60°C Has TR 24 h, %
HRTE.

1.4 NF|E5RME

AR SR LT AR G5 (FTIR) SR HR AL 80 R
J il A 72 PE-100 £E 406G 35 A% F it ; o6 3
PP 20615 (Raman) R 9 [ 5 JE 41 2wl HOL
AR B 2O6E L (RM-1000) , Ar " 306 4% (3
KWK N 514.5 nm) , 7 H#5¥E F S 800 ~ 2200
em ' X-F L& AT 4 (XRD) SR X5 £k At F 1Y
(Rigaku D/Max-IIIC, Japan) ] & , {#i F§ Cu ¥ {4
WK, Wk A = 0.15406 nm, HHHEE R 3 (°)/
min, =7 By 5° ~30°; R 4r 7 (TGA) R H]
Perkin-Elmer TGA-7 ##r S, A AR (50 mL/
min) , JHif G B 2 K/ming B3 7 W6l MO
(AFM) % A USA NanoScope Illa &I JF7 7 J7 i i
B 5 375 P L B 52 56 (TEM ) 2% F Philips Tecnai20 %
2T OB, TR 200 kV.

2 BR5UE

BRI EN

il % GO-TDI-sPEG fy Jz i i F2 W &1 1 f /R,
T 7E 7k % o TDI | 4-NCO 3% ¥ it & T 2-
NCO'™ GO Kl R H MBI S5 5 TDI 11y 4-
NCO Jz B A= At 84 e W MR WR o % Bk e, AR
Stankovich %[ZO] B TAE,100 mg GO | & A EfEHl
EEMNIZILT 2 mmol, i 1 mL TDI &4 14 mmol
—NCO [, 7] W—NCO JZ KA 2 1), DT A £

2.1
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TE55 — L i TDE A 1 A~—NCO & 5 ¢
SO A P R B T L % T TDI g —
~—NCO,sPEG I [y ¥ 4k 5 % —NCO & i, i T
20 mL (28 mmol) sPEG [ % 3£ & & & TDI
f)—NCO it vt 53 &, 55 i JLTF i A 1

—NCOEEMIHRAES 5 RO 705 — 20 i 7 v iy
B TDL 2 ffi #5387 sPEG %/ A R, i HAE £1 88
W AT FEAT I L1 EE B AR K. 285 Z IR TR
P S Mk T, BR 5 OR R ACAE GO SR T Y
sPEG N H B ZBY), iS5 GO-TDI-sPEG.

NCO
—NCOGCH;

Anhydrous, DMF

GO

GO-TDI

U

OH

OH
80°C,24h

Fig. 1 Schematic illustration of preparing four-arm star polyethylene glycol modified graphene oxide ( GO-TDI-sPEG)

2.2 M RES

GO .GO-TDI L) &% GO-TDI-sPEG () 4T 4} B %
g 2 firs, GO Hh i o T i 9 21 40 5 AiF 06
Kl 2(a) iz, 1720 em ™' C = O K i 45 4k 2,
1412 em ™' —OH WA PR 5h,1222 em ™'l C—
OH {45 4R 2h ,1055 em ™' C—O M4 4R 30,
1632 em ™"y W B B4 7K 23 1 0 Bl 4R AR Y sp” 4%
ferf C—C #k 8, I A B s iz 1 38 21 1 O—H
P& Bl 0 (3436 em ™' 2 A7) L X 5 AT AR 38 SC
mk— 2

GO 5 TDI R i &, i 2 (b) fr 7w, UK A
1720 em ™' gh Y21 AR IEFE £ 1705 em ™' AT AR
HHRREE LM C =0 iZFR2),2268 cm " kb1
WU Sl —NCO 1 K5 AiF 21 40 1 i, 600 ~ 900 em ™'
88U X 0 W W & AR B W i AR A 2B S L FE
2268 cm " Ab LT AN O, L B T — Sk

I, 2865 c¢m ' X GO-TDI-sPEG 1 sPEG
—CH,— 1y &1 4 W Y 1%, 1100 em ™'y GO-TDI-
sPEG i sPEG () C—0—C [ {fi 44 31", 1530
em ™' C—N BB 0 45 I 3 (B BE AR 4 A9 3R
)
2.3 FIEXIEDH

P = 0T IR RAE A 5200 5 A0 2800 B RL 45 1
FREMA R T B, B D B G By A X o B L
(I,/1;) ATPFH A1 28 0 0 Bk B 58 2 g Ak i 72 2
Jith A5 (a) ,GO (b) Al GO-TDI-sPEG (c¢) HY 4L
SOCTEME 3 BroR, BT A R &I R R DK Y
N 514.5 nm, KIKA M G BT 1583 em ™' Xt
A BB R By, P — B, e B2 sp” Ak
JE 5 A5 H e A L FE 2 1355 em T AR AT — 55 0 (D
B, S5 ASEmkEA L, RAREZNTETFS
sp’ ZRALFEE. GO 9 G #EAE F 4 1602 em ™', H %
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Fig. 2 FTIR spectra of GO (a), GO-TDI (b) and
GO-TDI-sPEG (¢)

WA B TE, £ GO LR N, H D
i F 1352 em ™' WEIB A G0, D BE5 G A AR X A
JEE TR RGN, It A S A AR AR T A 8 )2 1Y
sp” JR AL AR I MR 3L IR AR RIS S AU BE
SR Z B G R0, T G W B A , Car 45
PN ERS S AT PSRl R S/l i =
D R G A5 5 A2 55, J5 2 ot Jm | A A
sl R I T REMBKITER ,1,/1; HE1 GO
B A9 0. 84 3411 GO-TDI-sPEG K} fi% 0. 93, {H 75 1k,
AR, VL] sPEG Bk J5 8 A6 A1 5506 Fr iy 3L 45
VA A AR A 1,/ A T I GO o e] e R | T
TEC AT GO 1 DMF %5 W 9l 75 — & I [i] i
RS> GO F Wy 2451 Ay e o 1 Y -

D band G band

Intensity (a.u.)
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Fig. 3
GO (b) and GO-TDI-sPEG (c¢)

Raman spectra of the pristine graphite (a),

2.4 XRD &iff

KR4 # (a) ,GO(b) Fl GO-TDI-sPEG (¢ ) K
XRD fhi £k a4 Pros , £ 85 59 S AL T RE 2 R B
() A LE M, 41 88 20 = 26. 5°4b A7 15 22 B HL3R )i
e A e, WA S5 2 A BE R 29 0 0. 34 nm. 2241

fRJ5 0 T 26. 5O4b 63 2%, B T — AN 58 HL
MR I 20 = 11.3°, 2 (a1 # K 2k 0.78
nm, JZ A HE AR R OB EmSIAT 4 E
fitAl. GO-TDI-sPEG f4 fi7 5 0& 714 2% , i HJ& 78 23°
ZE AT IR — A 55 i Ak g, BT 2 3R A W i
JE AU IR T 48 AL A B 1 A A 4 e T EL feE
BT BB oE A B 0

Intensity (a.u.)

]

30

5 10 15
20(%)

20 25

Fig. 4 XRD patterns of graphite (a), GO (b) and
GO-TDI-sPEG (c¢)

2.5 REHW

FIRE % (a),GO (b),GO-TDI (¢) fl GO-
TDI-sPEG (d) iy TGA i £k tn & 5 JF 7%, Ruoff
AR E TGA R I 1) 94 T3 2 2 23 0o iy
LT A A M. HIL, 8 T8 % GO TPk
TR KA T A RSP T A 0 a5 2
i TR HR R 2 K/min, HLA 92 N, 4.
MBS dr] LU JE iR £ 88 7 29 600°C B IF 4R
RAJHE ,T00°C B KLY LK 5. 0% . GO [ #E
SEVER S AR T 100°C IF 1 & AR vk &, af 9 A
FoK A1 5 T, K2 160°C 4b A H 48 BH 5 11 44
KRR GO Jr 3R 1 & FUE Ak A 4 fi
' CO,CO, MIZEPE, 5] 500°C i sk Ak T2
52.1%. 3 I TDI J5, 1F 500°C %% 4x & & & K
67.6% ,[F N, 5 E T, Bhbehi iy FA 1 # 2 &
EW BRI T e 3 L TDL S, BB R
WA FBIAR MWL, i kR K E S
XTI, 28 sPEG B 1fi 5 , /£ 29 160°C A 1. 5% /i
AR R VT AR R T R R A R
B e RN, 164 260°C FF- G kAR R &,
FHXT TR B M GO, #ER E PERE i T 25 100°C
5 BT (Y SCik— 2, 7E 500°C B R A 2k
A 40.0% . sPEG 1E GO K 1H A7 15+ (1 $24¢
=7 LI GO-TDI-sPEG Fl GO 7E 500°C i} 5% 4% 2k
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BRI KA R 12.1%.
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Fig.5 TGA curves of graphite (a), GO (b), GO-TDI (c¢)
and GO-TDI-sPEG (d)

2.6 EFHEHMBEERSH
GO & GO-TDI-sPEG ) JF-F 71 & s B |4

nm

K 6 i, % GO 5k % GO-TDI-sPEG 7E /K H 55 48
72 h IS A AT T K S OB T B
&M stk b, T8 K 6(a) ATHLGO iy
SEHERE R A 0.85 nm, WA b B 4
F g2 GO-TDI-sPEG f AFM & B /& 6
(b) FroR , W H el DL R A 9 GO 2R
BT — BB, R A BE A X GO R R R
FEATS R 0.85 nm Z2 A5, T BRE A Ak 11 JE 5 444 Jon
FRL L2 om A4 HTHRHNEREEY
sPEG B> T8 EB/N(M, = 926) ,24 GO K A A
H5y 7 2 sPEG BRI 43+ 5 AR 2R W 45 A A
AFM R ME 3 BBl A 22 43 X 38, Rtk 1 6 (b)
TG XU R — o WA AR sPEG 431, i
GO J7 )2 I (1 B o5 00 0 3% 2 43 F i K (1 sPEG
VIR Yy sl 22 577 1. A LA 45 12 W] LA TEM 4]
LECER

Section analysis
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Fig. 6 Tapping mode AFM images with section analysis of GO (a) and GO-TDI-sPEG (b)

2.7 EFHERRSH

GO }¢ GO-TDI-sPEG Ay 75 3 i 7 i fiL ¥ i
MR AT S, IR AR R o GO B 5 4l 2
Tk BE AL 0. 01 mg/mL (443 M , 4R J5 7E 4
W 1, B PR R AT B 7 BOR T
GO F1 GO-TDI-sPEG 43 HAE/K th i B 18 7 (a) ;
GO ) TEM [E K & 7(b) ,GO-TDI-sPEG 43 ¥ R 43
S8 0.5 wm (c¢) LA 100 nm (d) i TEM & J-.
HE7(b) i A, GO A 820, & B (0 42
W WA R A BE R T E W, U A
A7 SRR B R B A B S O A SR R Y
JUAEAE T RN S AR A8 KRR SS 1 L LI 1 GO
fFEHER) 2 BB 7 (d) AT L, GO-TDI-sPEG %
AN HERFR R T (D)K. B8 7 (d) W]

W, GO-TDI-sPEG K& A< Sy 51 2 | HE #b) 72 B2 45 1A 7
(b)f%. WA 7(c) 1 7(d) fisw,GO-TDI-sPEG ()
F 2 ERLAVE R B ARG WA H S AFM &
FHLE BB B W i 2 B B R 2R — 88 X A R
16 TEM B8 J oA 0 B8 /N 73 7 i 1 $A3 sPEG gl fE
% B AL JE A0 1) Ao B I B URBR B). DA 1THT TGA 1 45
B 0] A1, sPEG 7€ GO-TDI-sPEG 1 (1) 4 ik 5|
12. 1% M\ AFM BR 55k F R RSV B & &
BLZ L /N T A8, Ul W1 0 A — S8 3R AL 19 sPEG
1E AFM 5 o DLor BF. 55 80, 7/ T () Bk
A RAR B, A VA SRR R A SRR T A
RMIEEIREY, VLW R AW CE BTEDLE
FIVE G B BEW B 2, 3 0, 7 A0 3 % A7 TE Ui 125 1 23R
A ¥. f£ GO-TDI-sPEG 1 & & K b W %
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(a) Photographic images showing dispersions of GO (left) and GO-TDI-sPEG (right) in water; TEM images of exfoliated GO sheets
(b), GO-TDI-sPEG sheets at resolution 0.5 wm (c¢) and 100 nm (d), respectively
Ay
%&it

TR = i XS AT S I ST i
S5 HL T WU R AR 7 W, 43 b 4 2R SR B A
WA AR A N 12, 1% 4B W e K oy
ARICR PR 2,4 -2 5 5 TR AE A Bk BOME RAF 207 1 o R A 7 & i T RE AL A
F AR S R RS TR RRL T A BRI R C TR I A A BRI Y i —
it A A 16 1 SR AL BB 0 R A B 2T A1 6 R AN T ROR A
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AN EFFECTIVE WAY TO PREPARE POLYETHYLENE
GLYCOL-MODIFIED GRAPHENE OXIDE

Cui-ping Yu', Heng-chong Shi*, De-an Shi ', Jing-hua Yin®
(" Ministry-of-Education Key Laboratory for the Green Preparation and Application of Functional Materials ,
Faculty of Materials Science and Engineering, Hubei University, Wuhan 430062 )
(* State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemisiry,
Chinese Academy of Sciences, Changchun 130022)

Abstract In order to improve the biocompatibility of graphene oxide ( GO) and enhance its application in
preparing biomaterials, four-arm star polyethylene glycol (sPEG) was used to modify GO under the assistance
of toluene-2 ,4-diisocyanate (TDI). Polyethylene glycol-modified graphene oxide ( GO-TDI-sPEG) obtained by
this facile method possesses high sPEG grafting density , which could be stably suspended in aqueous solutions.
Fourier transform infrared spectroscopy ( FTIR) , Raman spectroscopy ( Raman) , X-ray diffraction ( XRD),
atomic force microscopy ( AFM ), transmission electron microscopy ( TEM ) and thermogravimetric analysis
(TGA) were used to characterize the resultant material. The appearance of the characteristic absorptions at
2861 and 1093 ¢m ' in FTIR spectrum, as well as the AFM and TEM micrographs indicated that sPEG was
successfully grafted onto GO. No diffraction peak could be found in XRD figure of GO-TDI-sPEG, which
indicated that the layers of GO-TDI-sPEG were fully exfoliated after modification. The TGA test results showed
that the thermal stability of the modified GO had been greatly increased and the grafting degree of sPEG in GO-
TDI-sPEG was about 12. 1 wt% .
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